ABSTRACT Laboratory studies were conducted to determine the effects of incorporating selected almond fungicides into the diet of larval honey bees, Apis mellifera Linnaeus. One-day-old larvae, from mixed Italian stocks, were grafted to basic larval diet or basic diet containing various fungicides. Experimental concentrations were calculated from Þeld dose application rates of formulated product per hectare. Larvae were transferred to fresh diet daily and incubated in the dark at 35ЊC and 95% RH. After defecation, prepupae were moved into a dark incubator at 35ЊC and 75% RH. Mortalities of larvae, prepupae, and pupae were recorded daily. No larvae fed Captan, Rovral, or Ziram completed development to adults. In the case of Rovral, a novel amorphogenic effect was observed. There were no signiÞcant differences in total mortality between the controls and larvae fed Abound, Elevate, Flint, Rally, and Vangard.
ONE OF THE CHALLENGES of producing agricultural crops is protecting the crops from infection by fungal diseases. Of particular concern are disease pathogens that gain entry to the plant through the blossoms, consequently causing abortion of the fruit or nut or further invading the branches and whole plant. Growers of almonds in California are likely to apply fungicides during almond bloom to prevent some common fungal diseases, i.e., anthracnose, caused by Colletotrichum gloeosporioides; brown rot, caused by Monilinia laxa; green rot or jacket rot, caused by M. laxa, Botrytis cinerea, or Sclerotinia sclerotiorum; leaf blight, caused by Seimatosporium lichenicola; and shot hole, caused by Wilsonomyces carpophilus. While fungicides are considered to be fairly safe for use around adult honey bees (Atkins et al. 1981) , beekeepers have reported losses of brood in larval and pupal stages coinciding with fungicide use on almonds during bloom. Fungicide applications also have been determined to trigger hypothermia in adult honey bees (Vandame and Belzunces 1998) .
Observations by beekeepers in the 1950s, after applications of the fungicide Captan (Micro-Flo, Memphis, TN), suggested that the fungicide was causing toxic effects to honey bee brood based on Þnding malformed, and frequently wingless, pupae and recently emerged adult bees. The affected bees accumulated on the bottom boards and at the entrances of hives about 2 wk after applications.
Atkins and Kellum (1986) conducted studies on 31 agrichemicals to determine their relative toxicities to adult and immature honey bees. They found only a few chemicals that showed signiÞcantly higher toxicity to brood, with lower toxicity to adult bees, including the following insecticides: diazinon, profenofos, chlorpyrifos, oxamyl, methomyl, methamidophos, aldicarb sulfoxide, and aldoxycarb, and the fungicide, captan. The pesticide-induced, morphological malformations or aberrancies noted by those researchers were termed amorphogenic effects, and we use that terminology in this report.
Currently, beekeepers still continue to observe aberrancies in brood rearing after use of various fungicides in almond orchards, even when Captan is not involved. Those observations prompted us to conduct laboratory experiments to evaluate the effects of feeding eight fungicides, commonly applied or proposed for use during almond bloom, to honey bee brood.
Materials and Methods
All worker larvae used in the experiments were taken from honey bee colonies of mixed Italian stock maintained in the UC Davis apiary. For each fungicide, four replicates of a group of 24 1-d-old control and treatment larvae were transferred into 24-well tissue culture plates (3.4 ml/well, Corning 3526, Fisher ScientiÞc, Santa Clara, CA) containing either basic larval diet (BLD) or BLD with additional test concentrations of each fungicide. The components of the basic larval diet, its preparation, and larval rearing methods are those described by Peng et al. (1992) . Larvae were monitored daily for mortality, and surviving larvae were moved to freshly prepared food every 24 h.
On defecation (appearance of urate crystals), larvae were removed, blotted on tissue (Kimwipes, Fisher ScientiÞc), and placed into tissue-lined pupation plates (same tissue culture plates as above). Pupae were monitored daily for postdefecation mortality and eclosion to adults. Larval and postdefecation mortality data were analyzed by analysis of variance (ANOVA) and compared by DuncanÕs test (Steel and Torrie 1960) using Statistica StatSoft software (Statistica 1997) .
Experimental doses of fungicides were estimated according to the following assumptions: (1) Atkins et al. (1981) showed that returning honey bee foragers were contaminated with 1 g of formulated pesticide for each 1.12 kg of formulated pesticide applied per hectare (or 1.0 lb/acre) of bloom being foraged, (2) a larva consumes Ϸ100 mg of diet during its 5Ð6 d of feeding, (3) at minimum, a larval bee would consume the equivalent amount of fungicide-contaminated pollen as that collected during a foraging beeÕs single trip, and (4) the diet would be prepared such that the calculated dose of formulated fungicide would be ingested in the total amount of diet (100 mg) that a larval bee consumes over 6 d. Field doses were those listed for almonds on the product labels provided at http://www.CDMS.net. The experimental dose for each fungicide was derived by estimating, from the Þeld dose, the amount that would be collected by a foraging honey bee. One hundred times that amount of formulated fungicide was blended into 10 g of diet, of which a larva would eat 1/100 over its 6-d feeding period. Those calculated Þeld and experimental doses are listed in Table 1 .
To facilitate accurate measuring, stock solutions were prepared by measuring 100 times the required amount of the water soluble, formulated fungicides (in milligrams or microliters) into a 2-ml sample cup (02-544; Fisherbrand, Fisher ScientiÞc), adding 100 l distilled water, and stirring thoroughly with a clean stainless steel insect pin. One microliter of stock solution was added for each 10 g BLD when preparing a test diet. Control and treatments diets were thoroughly mixed with a magnetic stirrer for 10Ð15 min before feeding to the larvae.
Results
Comparisons of mortalities of larval, postdefecation, and combined stages are shown in Fig. 1 . Control larval mortality averaged 8.35 Ϯ 9.61% (SE). Larval mortalities for the following treatments were not signiÞcantly different from the controls at the P Ͼ 0.05 level: Elevate (3.13 Ϯ 6.25; Arvesta Corp, San Francisco, CA), Flint (7.12 Ϯ 6.83; Bayer Crop Science, Research Triangle Park, NC), Abound (11.46 Ϯ 7.99; Syngenta Corp., Greensboro, NC), Rally (11.46 Ϯ 6.23; Dow Agro Sciences, Indianapolis, IN), Vangard (13.37 Ϯ 9.17; Syngenta Corp.), and Rovral (21.87 Ϯ 6.25; Bayer Crop Science; Fig. 1 ). Larval mortalities for Captan (100%) and Ziram (100%; Bayer Crop Science) treatments were signiÞcantly higher than the controls and other treatments (P Ͻ 0.05).
The average postdefecation mortality of surviving control larvae averaged 45.02 Ϯ 9.32%. Postdefecation mortality for the following fungicide treatment groups were not signiÞcantly different from the controls (P Ͼ Abnormal morphological development in worker pupae, besides increased mortality, was observed only Fig. 1 . Cumulative mortality of honey bees treated with various fungicides (signiÞcant differences at P Ͻ 0.05 indicated by different lowercase letters for larvae and capital letters for total mortality).
with Rovral treatments. Those pupae failed to eclose properly from the pupal exuviae and died with dangling spiracular openings and tracheal tubes hanging externally from their thoraces and abdomens (Fig. 2) , which is a new amorphogenic effect.
Discussion
Our estimates of levels of pollen contamination are somewhat higher than those actually recorded in other studies of Þeld-collected pollen pellets. Those levels were around 10% of the amount used in this study (Kubik et al. 1999 (Kubik et al. , 2000 . However, a number of studies have shown that concentrations of fungicides in comb-stored pollen (bee bread) often exceed those in freshly collected pollen by up to two orders of magnitude. It has been suggested that some analytical assays of fresh pollen do not extract conjugated fungicides from the pollen surface, and some fungicides, such as iprodione, are translocated to the interior of newly forming pollen grains days after the initial Þeld applications (Kubik et al. 1999 (Kubik et al. , 2000 .
The results of this study suggest that even very small amounts of some water-soluble, Þeld-applied fungicide formulations, once carried back to the hive by an adult bee and mixed into the larval diet, can be adequate to interfere with larval and pupal development of honey bees. This was clearly shown for Captan, whether the bee-collected dose was fed all at one time (Wittman et al. 1985, Atkins and Kellum 1986) or was diluted so that it was consumed over the entire feeding period of the larva, as in these experiments. Our studies included two additional products (Rovral and Ziram) that were not previously listed by Atkins and Kellum (1986) , which are observed to be more toxic to immature than adult honey bees.
Whether or not the toxicity of these fungicides is caused by the active ingredient or one or more of the emulsiÞers, spreaders, stickers, etc. (inert ingredients) in the formulations has not been determined. Dr. Frank Eischen (personal communication) has detected differences in toxicities to honey bees of various formulations of Captan when administered at the same dose of active ingredient. Captan is a dicarboximide, and its antifungal property is suggested to be based on its disruptive interactions with the sulfur moiety of glutathione, with subsequent inhibition of respiration in fungal cells (Roberts and Hutson 1999) . Glutathione also is important in respiration in animal cells, suggesting a similar mode of action for honey bee toxicity. The biological activity of Ziram is based on a metal-containing dithiocarbamate. Similar to Captan, the active ingredient generates an acid and conjugates with glucuronic acid, interfering with cell respiration (Roberts and Hutson 1999) . Rovral, also a dicarboximide, may additionally inhibit protein kinases, resulting in improper intracellular communication (Roberts and Hutson 1999) . Other pesticides, with similar modes of action, are likely to be toxic to immature honey bees at very low concentrations. Further studies, to determine the LD 50 s for the fungicides in this study and the levels of contamination on incoming pollen loads, in larvae-feeding "nurse bees," and in larval food, would help correlate the laboratory results with what is being observed in the Þeld.
